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Abstract
The goal of this project is to establish the effectiveness and applicability of the nitrate-oxygen
isotope ratio as a useful technique to help identify sources and fate of nitrate found in the aquifers
of Illinois.  The initial focus of the project is to characterize the isotopic shift that occurs during
denitrification.   Samples were collected from multilevel wells in a surficial sand aquifer at a study
site in Mason County, Illinois, where the denitrification of a nitrate plume was known to occur.
In one of the wells, the nitrate concentration dropped from over 13 mg/L (as N) to less than 1
mg/L across a thin zone at a depth between 38 feet and 44.5 feet.  The samples had isotopic values
that followed a linear relationship of increasing *18O values versus increasing *15N values with a
slope of 0.5, indicating the enrichment for *15N relative to *18O is equal to 2 during denitrification.
The nitrate samples from the upgradient well nearest the corn fields adjacent to the study site had
isotopic values which are typically observed for nitrate originating from  nitrogen fertilizers.  The
*15N and *18O data of the dissolved nitrate in the samples indicate that there was denitrification
occurring along the flow path, even though the concentration of nitrate was higher at the
downgradient well.  This discrepancy is due to variable inputs of nitrate over time, changes in water
level and recharge to the aquifer, and observing only a snapshot of a dynamic chemical system.
Using the Rayleigh equation and the calculated fractionation factors, it was determined that the high
nitrate portion of the plume had already undergone 40% denitrification before it reached the distinct
denitrification zone between 38 feet and 44.5 feet.  A large increase in sulfate below 38 feet may
indicate that the dissolved oxygen and the nitrate are oxidizing sulfide minerals such as pyrite in
the aquifer.
Introduction
 Nitrate contamination can be a severe problem in some Illinois aquifers where the drinking
water standard of 10 milligrams per liter as nitrogen (10 mg/L NO3--N) in shallow public and private
wells is often exceeded.  The sources and fate of nitrate can be complicated and are not well
understood due to the mixing of nitrate from different sources and the variation in the occurrence
and amount of denitrification within an aquifer.  The use of nitrogen isotopes is a well established
2method of identifying nitrate sources, however, this method has some severe limitations due to
overlapping signals and changes in the isotopic signal with denitrification within an aquifer.  During
microbial denitrification of NO 3- to N2 there is an isotopic fractionation which preferentially utilizes
14N in the conversion to N2.  This leaves the remaining NO3- isotopically more enriched in 15N.  This
can make nitrate from partially denitrified fertilizer have the same 15N value as nitrate derived from
animal waste.  The newly developed technique of determining the oxygen isotopic ratio of nitrate
has the potential to overcome these limitations.  Like 15N, the 18O of the NO3- compound also,
becomes more enriched in 18O in the remaining NO3- during denitrification.  Therefore, the amount
of 18O can be used to factor out the effects of denitrification when using 15N signature for nitrate
source identification.
In this study, the ground-water samples are being collected from monitoring well networks
at two research sites in Mason and Marshall Counties where there is nitrate contamination and the
sources and fate of the nitrate have been previously determined.  At one site there is complete
denitrification of a nitrate plume coming from fertilized corn fields and at the other site there is
mixing of nitrate from fertilizer and septic wastes along the flow path.  From the analysis of the two
nitrate isotopes plus the isotopic composition of other major constituents and the general water
chemistry in these samples, the isotopic behavior of nitrate from different sources typically found
in Illinois can be better understood.  This information will be applied to several contaminated supply
wells in communities such as South Jacksonville and Shelbyville where the source of nitrate is
uncertain or needs to be verified.  The results of this study will allow for more effective land use
practices designed to reduce the amount of nitrate in ground water.
Collection of ground-water samples
A reconnaissance trip was made on September 27, 2000 to the field site at the Mason State
Tree Nursery in Mason County where Kelly (1997) observed denitrification occurring in the
surficial sand aquifer.  The purpose of this trip was to test the integrity of the existing multi-level
sampling (MLS) wells, collect water samples to confirm the disappearance of the nitrate plume
with depth, and identify which wells should be sampled for complete chemical analyses. The
sampling tubes for three of the multi-level wells (3,7,18) were pumped and found to be in good
working condition.  Because ground-water levels were lower than when the wells were installed
in 1993, the shallowest ports were dry.  Well MLS-18 is in the upgradient corner of the tree
nursery and is surrounded on three sides by irrigated fields that were planted with corn in 2000.
MLS-3 and MLS-7 are clustered together with a series of wells 600 feet downgradient of MLS-18.
Nitrogen fertilizer is regularly applied to the corn fields but not to the nursery plants. 
Water samples were collected from wells MLS-7 and MLS-18 and analyzed for nitrate
(table 1). These data confirmed the occurrence of denitrification with the large reductions in nitrate
concentrations occurring at a depth between 38 to 44.5 feet at MLS-7 and between 29.5 to 39.5
feet at MLS- 18.  Based on these results, MLS-7 and MLS-18 were considered suitable for further
sampling. 





Port (ft) (mg/L) (mg/L) *18ONO3- *15NNO3- *34SSO4 *13CDIC (mg/L) *18ONO3- *
15NNO3- 
9/27/00 10/11/00 10/11/00 10/11/00 10/11/00 10/11/00 2/27/01 2/27/01 2/27/01
7-6 17 12.8 14.9 5.4 6.8 -0.57 -8.06 6.65 8.6 7.5
7-5 23 18.6 18.6 6.2 6.7 3.93 -8.46 13.7 7.6 8.2
7-4 27 17.6 19.8 19.9 9.2 9.1
7-3 33 16.1 17.2 7.5 10.5 -5.93 -7.68 18.3 8.0 9.3
7-2 38 13.6 18.4 7.6 10.1 -4.86 -7.94 14.0 9.3 8.1
7-1 44.5 0.537 <0.06  -11.3 -7.74 0.64 19.5
18-8 14.5 12.4 11.2 3.8 2.7 0.07 -9.12 8.42 3.5 3.9
18-7 19.5 12.3 15.4 5.5 2.5
18-6 24.5 7.36 7.23 3.2 1.9 -0.36 -6.94 7.13 6.2 3.7
18-5 29.5 7.44 5.35 8.0 4.5
18-4 34.5 1.57 1.97 9.1 2.3 -8.07 -8.22 1.90 10.1  8.7
18-3 39.5 0.202 0.48 20.8
18.2 49.5 <0.06 <0.06
18.1 59.5 0.146 <0.06
A full set of samples was collected on October 11, 2000, and February 27, 2001, from
MLS-7 and MLS-18.  These samples were analyzed for the following parameters: anions, metals,
non-volatile organic carbon (NVOC), alkalinity, ammonia, total Kjeldahl nitrogen,  total dissolved
solids, the oxygen-nitrate isotope (*18ONO3-), the nitrogen-nitrate isotope (*15NNO3-), the carbon
isotope *13CDIC, the sulfur isotope, *34SSO4--, and the isotopes in water (*DH2O, *18OH2O).
Temperature, pH, Eh, dissolved oxygen, and specific conductance were measured in the field. 
A duplicate sample and a sample blank were also collected for quality assurance.  All of the
samples were filtered and preserved in the field where appropriate and stored at 4°C.
Results
The results of nitrate isotopic analysis for the fall and winter samples are shown in Table 1.
The isotopic values are reported in * notation, or the per mil deviation from the international
standard.  In the late winter analyses the nitrate levels had significantly decreased in the uppermost
ports of both wells.  This decrease is likely due to the infiltration of low-nitrate rain water and snow
melt.  Temporal variations also occurred with the 1994 data (Kelly and Ray, 1999).  In 2000 higher
nitrate, sulfate, and chloride concentrations at both wells and much lower NVOC concentrations at
MLS-18. The 0.537 mg/L of NO3-N found in port 7-1 in the September sample was ideal for getting
the greatest amount of isotopic shift.  However, the nitrate level was below detection in the October
sample, eliminating the potential for any analysis of the nitrate isotopes.  In the winter sampling
round, small concentrations of nitrate were again found in ports 7-1 and 18-3.  Unfortunately, the
amount of nitrogen recovered for the 15N analysis on the mass spectrometer was too small to get an
accurate value.  Ways of improving the recovery are currently being investigated.
4The change in chemistry across the redoxcline below port 7-2 and port 18-6 is very apparent
from the data (Table 2).  The dissolved oxygen and the nitrate are completely absent at MLS-7 and
reduced to much lower levels at MLS-18.   A large increase in sulfate in the bottom ports seems to
support the theory of Kelly (1997) that the dissolved oxygen and the nitrate were oxidizing sulfide
minerals such as pyrite in the aquifer.  However, any iron that is released from pyrite appears to
be immediately reprecipitated.  These reactions could also account for the drop in pH between
ports 7-1 and 7-2.  
Table 2.  Chemical analyses from MLS-7 and MLS-18 from October 11, 2000
Well- Depth Field pH Dis. O 2 Cl
- NO3
--N SO4
-- alkalinity NVOC Fe Mn
Port (ft) (units) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
7-6 17 7.24 3.5 11.0 14.9 29.0 230 0.49 <0.009 <0.002
7-5 23 7.21 4.5 11.2 18.6 44.6 252 0.53 <0.009 <0.002
7-4 27 7.34 1.7 13.8 19.8 20.6 192 0.55 0.052 <0.002
7-3 33 7.48 1.3 12.8 17.2 29.3 196 0.52 <0.009 <0.002
7-2 38 7.71 1.0 14.2 18.4 34.4 232 0.54 <0.009 0.120
7-1 44.5 7.20 <1.0 8.06 <0.06 85.0 239 0.65 <0.009 0.893
18-8 14.5 7.62 3.7 18.1 11.2 23.1 208 0.61 0.122 <0.002
18-6 24.5 8.14 3.8 4.20 7.23 21.9 80 0.51 <0.009 <0.002
18-4 34.5 7.84 1.7 3.99 1.97 53.8 133 0.64 0.032 0.163
The *15N and *18O data of the dissolved nitrate in the samples collected from the Mason Tree
farm indicate that there was denitrification occurring in the shallow ground water system.  The fall
and winter samples had isotopic values that follow a linear relationship of increasing *18O values
along with *15N values (figure 1).  The winter values for *18O averaged approximately 2‰  heavier.
The nitrate sampled from MLS-18, nearest the corn fields, had isotopic values which plot very close
to the values typically observed for nitrate originating from nitrogen fertilizers.  This is consistent
with the primary source of nitrate for this site being the fertilizers from agricultural fields (Kelly and
Ray, 1999).  The nitrate from MLS-7, 600 ft downgradient of the corn fields, was isotopically
heavier and followed a linear trend typical of denitrification.   The slope of the linear relationship
for the two sets of samples is 0.5, indicating the enrichment for *15N relative to *18O is equal to 2.
This enrichment is very similar to that observed by others  for denitrification processes. For example,
the linear relationship between *18O:*15N was 1:2.1 in two studies showing denitrification in shallow
unconfined sandy aquifers (Bottcher et al., 1990 and Aravena and Roberston, 1998).  A nitrate study
conducted in a riparian zone next to an agricultural field with loamy soil, sand and till showed an
enrichment of 1:1.5 for the *18O:*15N relationship (Mengis et al., 1999). 
There was no correlation between the concentration and the isotopic composition of the
nitrate as might normally be expected in a ground-water flow system where denitrification is
occurring.  In fact, the higher isotopic compositions were found further away from the corn fields
at MLS-7, which also had some of the highest nitrate concentrations.   However, we are looking at
a snap shot of the nitrate and isotopic composition in a dynamic system where nitrate inputs have
varied spatially and temporally.  For example, within the Nursery itself, ammonium application
5Figure 1. Crossplot of nitrate isotopic values from MLS-7 and MLS-18
during June and July of 2000 was 200 lbs/acre while during August of 1999 the application was 300
to 400 lbs/acre.  In the agricultural fields surrounding the Nursery nitrogen is generally added in
March and April and again in June primarily as anhydrous ammonium and in May, June and
beginning of July nitrogen is added in the liquid form as “liquid-28" (28% nitrogen) and as urea.
Furthermore, nitrogen is only added in the fields for corn and not soybeans.   Thus, the inputs of
nitrate during different times of the year and during different years could be quite diverse considering
variables such as crop rotation, seasonal fertilizer application, variation in the quantity of
precipitation, fluctuation of the water table and mixing between deeper and shallow ground water.
The applications of nitrogen fertilizer at the Nursery last summer helps to explain why we observed
higher concentrations of nitrate in MLS-7 samples relative to MLS-18 samples.   The application of
this fertilizer was down-gradient of MLS-18 and up-gradient of MLS-7.  Additional sampling this
spring will add to the data base and should show an increase in the concentration of NO3 at MLS-18
due to spring application of nitrogen fertilizers in the agricultural fields. 
The trends observed in *18O vs *15N can theoretically be used to help determine the degree
of denitrification.  Since the isotopic data from the Nursery site compare so well to other isotopic
6investigations that had good control over the inputs of nitrate, we can use their calculated
fractionation factors and the Rayleigh equation to determine the degree of denitrification that has
occurred at the Nursery site.  The following is a simplified Rayleigh equation,
*m =  *i + , @ ln(f)  
where *m is the measured isotopic composition, *i is the initial isotopic composition, , is the isotopic
fractionation effect, and f is the fraction of nitrate remaining.  This equation relates the change in
isotopic composition (fractionation effect) of the isotope with the change in concentration of the
original chemical compound (ie, nitrate) which contains the isotope of interest (i.e. *15N and *18O).
At a site in Germany, Bottcher et al. (1990) knew the initial nitrate concentration and were able to
follow the decrease in nitrate down-gradient due to denitrification.  They measured the isotopic
compositions and determined a fractionation factor (,) for both *15N and *18O of the nitrate.  Our
*18O and *15N results for dissolved nitrate have the same ratio (1:2) as observed by Bottcher et al.
(1990).   Thus, using the *15N and *18O results sampled from October 2000 for the Nursery site, we
calculated the degree of natural denitrification, or in other words the fraction of nitrate removed (1-f)
by  rearranging the Rayleigh equation.  Using , values of -15.9 ‰ and -8 ‰ for *15N and *18O
determined by Bottcher et al. (1990), it appears that up to approximately 40% of the nitrate has been
denitrified the samples collected down to 38 feet at this site (Figure 2).  
Figure 2. Fraction of nitrate reduced versus isotopic composition
7The carbon isotopic composition for the samples collected ranged from approximately -7 to
-9 ‰.  While there was a significant difference in the *13C values of dissolved inorganic carbon (DIC)
at MLS-18  (2 ‰), the *13C values at MLS-7 did not change very much (<1 ‰).  The most negative
*13C value at MLS-18 was located near the top of the water table and was probably controlled by the
isotopic composition of soil CO2,which is usually quite negative, -15 to -22 ‰ (Zlotnick, 1992).
With depth at MLS18, the *13C shifts to more positive values and then back to more negative values.
A similar trend was also observed at MLS-7 except the changes were much smaller than that in MLS-
18.  The shift to more positive *13C values would imply the ground-water DIC was equilibrating with
solid carbonates in the system.  Usually the *13C of carbonate minerals is around -2 to +2 ‰.  It
should also be noted that at both these wells the pH and HCO3- fluctuated with depth.  The pH
increased and then decreased while the HCO3- decreased and then increased.  These chemical
fluctuations agree with what would be expected if the system was basically controlled by carbonate
equilibrium.    
The shift in *13C composition of DIC toward more negative values near the base of the nitrate
plume at MLS-18  is indicative of a contribution of an isotopically light carbon into the DIC phase.
The isotopically light carbon source may be the oxidation of organic carbon to carbon dioxide in the
system. The organic matter may be present either as sedimentary organic carbon or dissolved organic
carbon.  The dissolved non-volatile organic carbon (NVOC) concentration was low, however, the
measured NVOC at MLS-18 has been quite high in the past, ranging from 0.6 to 19.6 mg/L (Kelly
and Ray, 1999).   
The relatively constant *13C values in the lower portion of well MLS-7 implies there has been
little contribution from the oxidation of organic carbon in this part of the system.  Instead, the addition
of DIC was probably due to the dissolution of carbonates in the aquifer.  The increased *15N and *18O
of the nitrate at MLS-7 indicates there is denitrification occurring however, as indicated by the carbon
isotopic data, oxidation of organic matter probably does not play a major role in the denitrification.
Pyrite oxidation is probably more important for the reduction of nitrate as the ground water flows
away from the agricultural fields and toward MLS-7.  The sulfur isotopic analyses (table 1) help
confirm that there has been significant pyritic oxidation.  Pyritic sulfur usually has light isotopic
compositions and the sulfur isotope analyses show an inverse relationship with sulfate concentration.
The greater the sulfate concentration the more negative the *34S values indicating input of isotopically
light sulfur.
Conclusions
The isotopic data indicate there has been denitrification occurring along the horizontal flow
path from MLS-18 to MLS-7 even though the chemical concentration of nitrate was higher at the
down gradient well.  This discrepancy is due to variable inputs of nitrate over time, changes in water
level and recharge to the aquifer, and observing only a snap shot of a dynamic chemical system.  Thus
having the isotopic data gives additional information not available from the chemical analyses alone.
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